T cell activation and differentiation require not only T cell receptor recognition of the antigen-MHC complex but also costimulation through the interaction of accessory molecules on APC and their corresponding receptors on T lymphocytes. CD28 is the most important costimulatory receptor on T cells. It binds to B7.1 (CD80) and B7.2 (CD86) on activated APC. Studies using T cells derived from CD28-deficient mice demonstrated its role in T cell proliferation and survival (5) . Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) is a homologue of CD28 and binds to B7.1 and -.2 molecules with much higher affinity than CD28. CTLA-4, induced after T cell activation, down-regulates T cell proliferation and cytokine production (6) . Mice deficient in CTLA-4 displayed polyclonal T cell activation and a lymphoproliferative disorder that resulted in neonatal lethality. CTLA-4 therefore plays a role in down-regulating T cell responses.
Inducible costimulator (ICOS) is the third member of the CD28 family. It is not expressed by naïve Th cells but is induced after T cell activation (7, 8) . Recently, we and others constructed and analyzed mice deficient in the Icos gene (9) (10) (11) . ICOS Ϫ/Ϫ T cells exhibited reduced proliferation and IL-2 production, indicating a role of ICOS in T cell activation (9, 11) . Furthermore, ICOS Ϫ/Ϫ T cells were selectively impaired in IL-4 expression after in vitro differentiation or in vivo priming by protein antigen in complete Freund's adjuvant (CFA) or Alum; on the other hand, they were capable of secreting IL-5 (9) . In vivo, ICOS-deficient mice exhibited greatly impaired humoral immunity and germinal center reactions (9, 10, 12); on the other hand, we found that ICOS Ϫ/Ϫ mice were extremely sensitive to experimental autoimmune encephalomyelitis (9) but completely resistant to collagen-induced arthritis (13) . Therefore, ICOS is important for T cell activation and effector function.
A ligand for ICOS, B7h (also named as B7RP-1, etc.), has been described to be expressed on B cells, macrophages, and in nonlymphoid tissues and cells (7, 14) . Despite the important roles of ICOS, the function of B7h in immune responses or whether it mediates its action solely through ICOS is relatively unclear. In this study, we generated B7h-deficient mice and found B7h as the only ligand for ICOS and ICOS, its only receptor. We further analyzed the roles of B7h in different phases of Th cell immune responses and showed here that B7h is required for proper T cell activation, differentiation, and effector cytokine expression.
Materials and Methods
Generation of B7h-Deficient Mice. We identified a phage artificial chromosome clone from the 129 strain containing the B7h gene and characterized the genomic organization of the mouse B7h gene. A conditional gene-targeting construct was generated in which two loxp sites flank the two exons of the B7h gene that encode extracellular Ig-like domains and a neomycin-selecting gene between a pair of flp recombinase recognition sites (kind gift of Phillipe Soriano, Fred Hutchinson Cancer Research Center, Seattle) (Fig. 1 ). This construct was transfected into TC-1 mouse embryonic stem (ES) cells (gift of Philip Leder, Howard Hughes Medical Institute, Harvard Medical School, Boston) by electroporation. The ES cells that underwent homologous recombination were enriched by selection with G418 and gancyclovir and further identified by Southern blot analysis. Of six ES clones with proper homologous recombination, two were injected into C57BL͞6 blastocysts and successfully gave germ-line transmission. We subsequently created a germ-line B7h knockout mouse by crossing B7h ϩ/Ϫ mice with a cytomegalovirus-cre transgenic mouse (gift of Bryce Sopher, University of Washington, Seattle), in which the neo cassette, as well as the two loxp-flanked exons, was eliminated.
Production of B7h-Ig and ICOS-Ig Fusion Proteins and Their Staining on
Immune Cells. cDNA sequences encoding the extracellular portion of mouse B7h and ICOS protein were amplified by PCR and subcloned into the DES-Ig vector we described earlier (15) . Stable lines secreting B7h-Ig and ICOS-Ig were constructed, and the Ig fusion proteins they produced were purified on a protein ASepharose column (Sigma) and labeled with Sulfo-NHS-LC-Biotin Th Cell Isolation and Stimulation. Th cells from lymph nodes and spleens of 6-to 8-week-old mice were isolated and stimulated as we previously reported (9) . Briefly, the CD4 ϩ T cells were first enriched by immunomagnetic depletion by using antibodies against CD8 ϩ , MHC class II ϩ , and NK1.1 Ϫ/Ϫ mice (6-8 wk old; three per group) were immunized with KLH (0.5 mg͞ml) emulsified in CFA (0.5 mg͞ml) at the base of the tail (100 l each mouse). Eleven days after immunization, these mice were killed and analyzed individually. Sera from immunized mice were collected, and KLH-specific IgM, IgG1, IgG2a, and IgE antibodies were measured by using ELISA. Briefly, serum samples were added in a 3-fold serial dilution onto plates precoated with 10 g͞ml KLH. KLH-specific antibodies were detected with biotinylated goat antimouse IgM, rat anti-mouse IgG1, IgG2a, and IgE antibodies (Southern Biotechnology Associates). To measure T cell responses in vivo, spleen cells from KLH-immunized mice were stimulated in 96-well plates as triplicates with or without KLH. IL-2 was measured 1 day and effector cytokines (IFN-␥, IL-4) 4 days later by ELISA (Pharmingen). Proliferation was assayed after 3 days of treatment by adding 
Results
Construction of B7h-Deficient Mice. To investigate the role of B7h in T cell regulation, we constructed a knockout mouse model for the B7h gene. A conditional gene-targeting construct was first generated to flank 2 exons of the B7h gene, encoding the extracellular Ig-like domains, and a neomycin-selecting gene with two loxp sites ( Fig. 1 A) . This construct was transfected into mouse embryonic stem cells, and homologous recombinants were identified by Southern blot analysis. Two of these clones were injected into C57BL͞6 blastocysts and successfully gave germ-line transmission. A germline B7h knockout mouse was created by crossing the F 1 mice with a cytomegalovirus-cre transgenic mouse in which the neo cassette as well as the two Ig-encoding exons were eliminated, as determined by analysis of mouse tail DNA (data not shown). B7h ϩ/Ϫ mice were intercrossed to generate homozygous knockout mice.
To confirm the absence of B7h protein in B7h Ϫ/Ϫ mice, spleen cells from WT and knockout mice were stained with an anti-B7H antibody [gift of William Sha (University of California, Berkeley) (17) ]. WT B220 ϩ B cells expressed B7h, but B7h Ϫ/Ϫ cells did not (Fig. 1B) , indicating that a B7h-null mutant mouse was obtained. To test whether B7h is the only ligand for ICOS, an ICOS-Ig fusion protein was used in flow cytometry analysis. It bound to WT, but not to B7h Ϫ/Ϫ B cells (Fig. 1B) , suggesting that B7h is the only ICOS ligand on these cells.
We also examined whether ICOS is the only receptor for B7h on activated T cells. ICOS ϩ/ϩ and ICOS Ϫ/Ϫ lymph node cells were activated with Con A for 48 h. B7h-Ig fusion protein, as well as an anti-ICOS antibody, was found to stain WT-activated T cells but not ICOS Ϫ/Ϫ cells (Fig. 1C) , indicating that ICOS is the only B7h receptor on T cells. These results indicate that unlike the B7.1͞ B7.2-CD28͞CTLA4 and PDL1͞PDL2-PD-1 systems, B7h and ICOS are the only ligand and receptor for the other, respectively.
B7h Is Required for Optimal Th Cell Activation by APC. ICOS has been shown by us and others to be important for optimal T cell activation and IL-2 production (9, 11). To test the role of B7h in T cell activation, we activated naïve WT or ICOS knockout Th cells by different doses of plate-bound anti-CD3 together with WT or B7h Ϫ/Ϫ splenic APC. T cells activated at the presence of B7h-deficient APC, similar to ICOS Ϫ/Ϫ T cells activated with WT or B7h knockout APC, exhibited reduced proliferation when measured by [ 3 H]thymidine incorporation (Fig. 2) , indicating that B7h expressed on splenic APC is required for optimal T cell proliferation. The hallmark of Th cell activation is the expression of IL-2, which serves as a growth factor to mediate T cell clonal expansion. Naïve CD4 cells activated with B7h knockout APC or ICOS-deficient naïve CD4 cells activated with WT or B7h knockout APC produced greatly reduced amounts of this cytokine after activation (Fig. 2) . These data indicate that at least in vitro, B7h-ICOS interaction plays an important role in T cell activation and proliferation. Interestingly, absence of both ICOS on T cells and B7h on APC did not result in greater reduction of T cell proliferation or IL-2 production, further supporting that ICOS and B7h are the only binding partners to each other.
Regulation of Th Differentiation by B7h. ICOS plays a significant role in Th differentiation, most importantly by regulating IL-4 and -13 expression (9). To assess the role of B7h in Th differentiation, we purified naïve CD4 T cells from WT mice and activated them by anti-CD3, irradiated WT or B7h knockout APC for 4 days. IL-2 was added in the culture to compensate the proliferation of T cells activated at the presence of knockout APC. Th cells differentiated under this condition were restimulated with anti-CD3, and effector cytokine production was measured by ELISA (Fig. 3A) . T cell activated with B7h knockout APC produced normal levels of IFN-␥ and IL-5, suggesting that Th differentiation was not globally impaired. However, their production of IL-4 and -13, when restimulated, was greatly reduced. Therefore, B7h regulates Th differentiation and allows these two cytokines to be produced by effector T cells.
It is noteworthy that in the above experiment, B7h costimulation is provided only by APC during primary but not in secondary stimulation. B7h therefore somehow, during Th differentiation, reprograms the T cell receptor signaling pathway to allow effector Th cells to produce IL-4 and -13, consistent with our analysis on ICOS Ϫ/Ϫ T cells (9) . Recently we found that the defective IL-4 expression in ICOS Ϫ/Ϫ effector T cells was functionally associated with a selective deficiency of c-Maf transcription factor (18). To examine whether B7h also mediates Th differentiation through regulation of c-Maf, we differentiated WT naïve T cells with WT or B7h knockout APC, as described. Then the differentiated T cells were restimulated for 4 h with anti-CD3 and nuclear extraction prepared. The expression of several key lineage-specific transcription factors was analyzed by Western blot, including c-Maf, T-bet, and GATA-3 (Fig. 3B) . Correlating with our cytokine data in Fig.  3A , we did not observe any impairment of T-bet or GATA-3 expression when T cells were differentiated with B7h Ϫ/Ϫ APC, supporting the notion that B7h-ICOS interaction is not required for Th1͞-2 differentiation. The only factor we found significantly reduced in expression was c-Maf (Fig. 3B) , which was reported to be expressed in Th2 cells and to specifically regulate IL-4 gene expression (19, 20) .
To assess whether c-Maf is the target transcription factor regulated by B7h, we assessed whether overexpression of c-Maf can restore the cytokine defects in T cells differentiated with B7h Ϫ/Ϫ APC. We differentiated WT T cells from c-Maf transgenic mice or their littermate controls with anti-CD3, irradiated WT, or B7h knockout APC and IL-2 for 4 days followed by restimulation with anti-CD3. As measured by ELISA, c-Maf transgene significantly increased expression of all Th2 cytokines IL-4, -5, -10, and -13 and decreased IFN-␥ production in effector T cells differentiated with WT APC (Fig. 3C) . In addition, c-Maf transgene completely restored the IL-4 and -13 defects in T cells differentiated at the presence of B7h knockout APC (Fig. 3C) . Thus, B7h, through ICOS, regulates Th2 differentiation through induction of c-Maf transcription factor. Interestingly, c-Maf was thought to be a primary regulator of IL-4 (19, 20) . Our finding presented here suggests a role of c-Maf in IL-13 regulation.
B7h Regulates T-Dependent Immune Responses in Vivo.
To examine the role of B7h in immune responses to T-dependent antigens in vivo, we immunized WT or B7h knockout mice in the base of the tail with KLH in CFA, and their immune responses were examined (Fig. 4) . B7h (Fig. 4B) . To examine further whether there was a defect associated with effector function in B7h-deficient mice, we measured effector cytokine production (IL-4 and IFN-␥) by spleen cells in response to different concentrations of KLH (Fig. 4B) . B7h Ϫ/Ϫ spleen cells produced slightly higher levels of IFN-␥, but IL-4 production was greatly impaired (Fig. 4B) , indicating a defect in Th2 effector function. Because B cell proliferation and class-switching to IgE depends on Th2 cytokines, especially IL-4, an IL-4 defect in B7h Ϫ/Ϫ mice may result in impaired humoral immunity.
The Role of B7h in the Effector Phase. Studies using an ICOS blocker suggested a role for B7h-ICOS interaction in effector T cell reactivation by APC (21, 22) , although effector T cells are generally thought to be less costimulation-dependent than naïve T cells. However, germ-line deletion of the ICOS gene has not allowed us to specifically investigate this aspect. In the current study, we examined in two experiments whether B7h is important for regu- all Th2 effector cytokines, especially IL-4, -5, and -13, was also selectively reduced when differentiated OT-II cells were restimulated with B7h Ϫ/Ϫ APC (Fig. 5B) . Taken together, our results indicate that ICOS-B7h interaction is also important for cytokine production in the effector stage after Th differentiation.
Discussion
In immune responses, Th cell activation, differentiation, and function are regulated by costimulatory molecules. ICOS, the third member of the CD28 family, is induced after T cell activation (7, 8) . Studies using ICOS-deficient mice have indicated ICOS as an essential regulator of Th activation, differentiation, and effector function (9) (10) (11) (12) (13) . A ligand for ICOS, B7h, is expressed on B cells and in nonlymphoid tissues such as lung (8, 14) . Because other members of the CD28 family all have two known ligands, it is unclear whether B7h is the only ICOS ligand. The function of B7h in immune responses has not been examined genetically.
In this study, we constructed and analyzed mice deficient for the B7h gene. B7h Ϫ/Ϫ B cells lost binding by an anti-B7h antibody as well as an ICOS-Ig (Fig. 1B) . On the other hand, Con A-activated ICOS Ϫ/Ϫ T cells could not be stained by a B7h-Ig (Fig. 1C) . Further phenotypic analysis of B7h Ϫ/Ϫ mice presented in this paper correlated well with that of the ICOS knockout mice. This work provides a conclusive evidence to indicate that, unlike the B7.1͞B7.2-CD28͞ CTLA4 and PDL1͞PDL2-PD-1 systems, B7h and ICOS are the only ligand and receptor for the other, respectively.
Studies using ICOS-deficient mice have shown that ICOS is important for optimal T cell activation and IL-2 production (9, 11) . In this study, we activated naïve WT or ICOS knockout CD4 ϩ cells by different doses of plate-bound anti-CD3 together with WT or B7h knockout APC. T cells activated with B7h knockout APC and ICOS knockout T cells activated by B7h ϩ/ϩ and B7h Ϫ/Ϫ APC reduced proliferation and IL-2 production (Fig. 2 ). An anti-B7h blocking antibody (17) also inhibited anti-CD3-activated proliferation of spleen cells (data not shown). This result suggests that in vitro, B7h-ICOS interaction plays a critical role in T cell activation and proliferation. An important role of ICOS-B7h interaction in T cell priming in vivo has been recently reported by Smith et al. (23) . Using an adoptive transfer system, they showed that ICOS is involved in the initial clonal expansion of T cells after immunization; treatment of with an anti-ICOS resulted in a significantly reduced T cell response in vivo.
We previously reported that ICOS regulates Th differentiation; it is not essential for the general Th differentiation program but instead, its costimulation during Th differentiation allows IL-4 to be produced by effector T cells (9) . Recently, we found that the transcription factor target for ICOS to regulate effector IL-4 expression is c-Maf (18) . In the current study, we assessed the role of B7h in Th differentiation and found T cells activated at the presence of B7h knockout APC produced normal levels of IFN-␥ and IL-10, but their IL-4 and -13 expression was significantly reduced (Fig. 3A) . This cytokine deficiency was associated with greatly reduced c-Maf expression (Fig. 3B) . c-Maf overexpression completely restored the IL-4 and -13 defects in T cells differentiated at the presence of B7h knockout APC (Fig. 3C) . Thus, B7h, like ICOS, regulates IL-4 expression through regulation of the c-Maf transcription factor. Interestingly, c-Maf was thought to be a primary regulator of IL-4 (18, 19) . The results presented here indicate a potential role of c-Maf in IL-13 regulation by ICOS-B7h.
Th2 cells and the cytokines they produce are important for B cell activation and class-switching. ICOS-deficient mice and human patients exhibited impaired IgG1 and IgE production and germinal center reactions (9) (10) (11) (12) 24) . In our recent analysis of ICOS function in collagen-induced arthritis, we found antigen-specific IgM production also was reduced in ICOS Ϫ/Ϫ mice on the DBA͞1 background (13) . To assess the role of B7h in humoral immune responses to T-dependent antigens in vivo, we immunized WT or B7h knockout mice with KLH in CFA. We found, consistent with our previous analysis with ICOS Ϫ/Ϫ mice, that B7h knockout mice exhibited impaired IgE production, whereas their IgG2a titers were less affected (Fig. 4A) . Interestingly, we found that anti-KLH IgM was also reduced in the immunized B7h Ϫ/Ϫ mice (Fig. 4A ). This result further supports an important role of ICOS-B7h interaction in initial B cell response before class-switching occurred.
Earlier studies using ICOS blocker suggested that B7h-ICOS interaction may regulate effector T cell reactivation by APC (20, 21) . In the current work, we analyzed the role of B7h costimulation in Th effector function (Fig. 5) . In these experiments, Th cells, differentiated in vitro or primed in vivo, produced the same levels of IFN-␥ but reduced levels of Th2 effector cytokines (IL-4, -5, -10, and -13) when restimulated with B7h Ϫ/Ϫ APC. Coyle et al. (22) previously showed that Th2 cells express higher levels of ICOS than Th1 cells, which may lead to differential dependency of the two subsets on B7h-ICOS interaction in their effector function. Our results support this earlier finding and suggest that blocking ICOSB7h interaction may help reduce active Th2-mediated immune diseases.
In summary, we have used B7h-deficient mice to examine the role of B7h in T cell activation, differentiation, and effector function. This work not only supports the importance of this costimulation pathway in immune responses but also indicates its potential in the treatment of immune disorders.
